in the highest PRO-C3 tertile having significantly shorter survival time. This shows that interstitial matrix and basement membrane remodeling in RC may be distinguishable. Markers originating from different sites in the extracellular matrix could be valuable tools for a more dynamic monitoring of patients at risk of RC. However, this needs validation in larger cohorts.
progression to cirrhosis 10 . Measurements of these neo-epitopes have previously proved to be more sensitive and accurate than routinely used diagnostic and prognostic tools [11] [12] [13] .
Type III and type V collagens are important components of the reticular fibers generated by (myo-)fibroblasts in the interstitial matrix 14 , which is the main local area affected by inflammation 15 . Maturation of type III and V collagen includes cleaving off the N-and C-terminal pro-peptide by specific proteases 14 . In fibrotic liver diseases, release of these pro-peptides, i.e. PRO-C3 and PRO-C5, can be highly increased 13, 16, 17 .
We have previously suggested that the marker of central tetrameric crosslinking domain of type IV collagen, PRO-C4, reflects enhanced basement membrane synthesis and turnover during accelerated ECM remodeling in liver fibrosis 8, 18, 19 . Furthermore, a marker of matrix metalloproteinase (MMP)-mediated type IV collagen degradation, C4M, reflects unfavorable basement membrane degradation 20 . Together these two markers may serve as a tool for monitoring unfavorable basement membrane turnover in liver fibrogenesis 19 .
Development and progression of recurrent liver fibrosis may follow different paths dependent on the underlying etiology. Even though the etiologies are different, the end-stage disease is comparable, i.e. advanced fibrotic and architectural remodeling in the transplanted liver, leading to graft loss and death. Early identification of patients at risk of rapid liver fibrosis progression could enable life-saving interventions with timely intervention, e.g., changes in immunosuppressive regimens or even antifibrotic agents that are in development 21, 22 . Here we investigated the prognostic utility of four Protein Fingerprint serological biomarkers.
Results
Demographics are presented in Table 1 . Eleven patients developed cirrhosis within 1 year after LT and 19 within 3-5 years. Another 17 patients showed no or mild fibrosis over the first 5 years post-LT.
Most patients were male with similar mean age (p = 0.218). Mean survival time after transplantation was 5 years in the fast progressor group, whereas patients with no or mild signs of fibrosis after 5 years had a mean survival time of 13 years (p < 0.001); data not shown. At the end of the study period, only 18% of patients in the fast progressor group were alive compared with 32% in the intermediate progressor group, and 88% in the non-progressor group.
At baseline (3 months post-LT), serum levels of PRO-C3, PRO-C4 and C4M were significantly elevated in fast progressors compared to non-progressors (p < 0.05-p < 0.01) ( Fig. 1A-C PRO-C5 ( Fig. 1D ). Interestingly, markers of type IV collagen formation and degradation (PRO-C4 and C4M), in contrast to markers of type III and V collagen formation (PRO-C3 and PRO-C5) could additionally distinguishing between the two progressor groups, p < 0.05 and p < 0.01, respectively ( Fig. 1A,B ). In addition, serum levels of PRO-C4 and C4M remained elevated at 6 months post-LT, in fast progressors compared to non-progressors (p < 0.001) ( Fig. 2A,B ) thus continuing the trend of increased biomarker levels. PRO-C5 levels at 6 months post-LT were similarly found to be increased in fast-compared to non-progressors (p < 0.05), whereas no difference was found for PRO-C3 ( Fig. 2C,D) . When investigating the association between clinical parameters and biomarkers one year after transplantation, tissue inhibitors of metalloproteinase-1 (TIMP-1) was significantly correlated to PRO-C3, PRO-C4, PRO-C5 and C4M. In addition, bilirubin, and ELF, including all three components, were significantly correlated to PRO-C3 (Supplementary Table 2 ).
ROC curve for separating fast-from non-progressors further confirmed PRO-C4, C4M, and PRO-C3 as early predictors of fast progressors. No significant ROC curve was found for PRO-C5 ( Fig. 3A) .
Additionally, AUROC analyses found PRO-C4 and C4M to be the best markers for detecting fast progressors towards cirrhosis from non-progressors at baseline with AUCs of 0.90 [95% CI 0.7-0.9] and 0.88 [95% CI 0.6-0.9], and specificities >80% ( Table 2) . PRO-C3 predicted fast progressors with AUC = 0.79 [95% CI 0.5-0.9], sensitivity of 100%, and with specificity of 54%. PRO-C5 performed only moderate with AUC = 0.67 [95% CI 0.4-0.8], specificity of 69% and sensitivity of 72%. When separating intermediate and fast progressors, PRO-C4 and C4M were superior to PRO-C3 and PRO-C5 with AUCs > 0.85 [95% CI 0.6-0.9] and specificity of 75% and 83% respectively and sensitivity of 91% for both. However, none of the markers could distinguish between intermediate and non-progressors.
To evaluate the prognostic utility of the markers, the patients were stratified into tertiles in accordance to the baseline level of each marker. Baseline levels of C4M and PRO-C4 were able to predict progression towards cirrhosis after transplantation. Patients in the highest C4M tertile (T3) had a 21-fold [95% CI 1.5-293.2] higher risk of recurrent cirrhosis compared with the patients in the lowest tertile (T1) (p < 0.05). Similarly, baseline PRO-C4 in patients of T3 predicted progression with an OR of 85 [95% CI 3-2417] compared with T1 (p < 0.01) ( Table 3 ). www.nature.com/scientificreports www.nature.com/scientificreports/ In multivariate Cox regression analysis of baseline measurements, PRO-C3 was independently associated with survival. Kaplan-Meier analysis, using a cut-off value = 20.7 ng/mL defined from the Youden index that was derived from ROC curve analysis, was used to investigate the association of PRO-C3 and survival. Mean survival www.nature.com/scientificreports www.nature.com/scientificreports/ was significantly shorter in patients with high PRO-C3 levels compared to patients with low PRO-C3 levels (Mean age 9.3 vs 13.1 years, respectively, p < 0.05) ( Fig. 3B ).
Discussion
Rapid recurrent cirrhosis after LT occurs in subjects with viral and non-viral etiologies of end-stage liver disease 1,3-5 . Despite advances in surgical techniques and periprocedural medical therapy, including effective therapies to eliminate HCV infection, there remains a high risk due to immune suppression and/or recurrent non-HCV liver disease 1, 5 . Thus, the need to noninvasively monitor patients with risk of progression after LT is an urgent need as repeated biopsies is associated with patient discomfort and complications, and do not reflect the molecular dynamics of fibrosis progression [21] [22] [23] . Here we investigated the prognostic utility of four defined ECM remodeling markers as non-invasive tools to identify patients at risk of rapid liver fibrosis progression. Irrespective of progressor group, the cause of initial fibrosis and cirrhosis was either viral or non-viral, supporting that RC occurs in non-viral LT patients. The main findings of the study were: (1) Some patients are more prone to fibrosis progression than others after LT, and apart from some early clinical indicators such as repetitive severe rejection episodes, predictive markers are lacking 24 . Interestingly, markers associated with formation and degradation of basement membrane collagen (PRO-C4 and C4M, respectively) and interstitial collagen formation (PRO-C3) were elevated already 3 months after transplantation, whereas a marker of type V collagen formation, PRO-C5, related to interstitial collagen fibril formation seemed to increase only with a delay in the fast progressors. This could indicate that unfavorable liver collagen turnover and unbalanced remodeling are operative immediately after transplantation due to factors related to the host, donor, or surgical procedure 25 , whereas other specialized ECM structures (e.g. type V procollagen) are established later, possible also due to co-morbidities associated with end-stage liver disease, regardless of primary cause of chronic liver disease.
PRO-C3 was not only independent predictor of RC, but patients with high baseline PRO-C3 levels had significantly shorter survival time after transplantation than patients with lower PRO-C3 levels, indicating that PRO-C3 reflects both higher risk of RC and survival. This has important clinical implications since it has potential to provide early diagnostic and prognostic information and thus help guide clinical decision-making and early institution of potential antifibrotic therapies 1, 21, 22 . Moreover, by using serum markers, the efficacy of antifibrotic intervention with possible positive effects in the immunosuppressive regimen, may be detectable after only a few days or weeks. However, these results need to be validated in larger intervention cohorts.
With this study, we showed that patients with high type IV collagen turnover after LT had a up to 85-fold increased risk of RC compared to patients with low levels. The type IV collagen formation marker PRO-C4 was best at separating non-from fast-progressors towards RC with an AUC = 0.90 with sensitivity and specificity of 72% and 92%, respectively. PRO-C4 has previously been shown to be associated with liver fibrosis 18 but this is the first study showing its prognostic potential. The robustness of PRO-C4 and C4M as prognostic markers of clinical outcome needs to be investigated in larger cohorts.
PRO-C3 has previously been shown to be a useful prognostic marker of fibrosis progression 12 . In a cohort of chronic hepatitis C patients, we found that high PRO-C3 baseline levels were associated with higher risk of fibrosis progression within 52 weeks. This further strengthens the clinical utility of PRO-C3 as a robust prognostic marker for liver fibrosis progression in both non-transplanted and transplanted patients. www.nature.com/scientificreports www.nature.com/scientificreports/ It is well established that the collagen content is up to 10-fold higher in a cirrhotic than in a healthy liver 6, 7 . Local tissue inflammation and damage to the epithelium result in remodeling of the underlying basement membrane 19 , monitored by type IV collagen biomarkers PRO-C4 and C4M. In the event of chronic inflammation, damage to the interstitial matrix occurs with subsequent remodeling. To replace the damaged tissue, excessive amount of interstitial types I, III and V collagens are produced by fibroblasts. The lower prognostic value of the interstitial collagen synthesis markers PRO-C3 and PRO-C5 at baseline, may reflect the fact that remodeling and excessive deposition of interstitial matrix occurs at later stages of liver fibrosis. In addition, it is notably that levels of ALT did not predict RC in this study, suggesting that the nature of RC might be repair more than inflammation. This confirms previous findings that fibrosis is not just fibrosis 19 . Table 3 . Prognostic power of C4M, PRO-C4, PRO-C3 and PRO-C5 to predict progression towards cirrhosis after liver transplantation. Patients were stratified according to tertiles of biomarker serum levels at 3 months. The lowest tertile (T1) was used as a reference when calculating odds ratio of being progressor for T2 and T3. The total number of patients as well as number of progressors in each tertile are shown.
www.nature.com/scientificreports www.nature.com/scientificreports/ The use of non-invasive diagnostic techniques, like transient elastography (Fibroscan ® ), has been widely accepted as alternative to biopsy to assess liver fibrosis in non-transplant patients [26] [27] [28] . TE might also be useful for monitoring post-LT patients as imaging techniques are unaffected by post-operative biochemical alterations. However, in post-LT settings TE may be affected by postoperative inflammatory reactions, rejection episodes, both of which are associated with swelling and edema that increase stiffness, hematoma, and bile duct or vascular complications 29 . Performance of TE might furthermore be comprised by the presence of ascites or obesity 30 .
It is recognized that the sample size is relatively small, which is due to the limitation of the availability of follow-up samples in this unique patient cohort. Development of advanced fibrosis and cirrhosis within 1 year is a rare event, thus limiting number of patients in the study. Nonetheless, the data provides clear results as to prediction of rapid vs intermediate vs no fibrosis progression in these patients. In this sense, this study is intended to provide the first proof-of-concept that these markers are indeed reflecting the dynamics of fibrogenesis in a unique cohort, where rapid progression to cirrhosis can occur. To our knowledge this is the first such study. It needs to be investigated whether the prognostic capacity of the markers can be repeated in larger cohorts of different etiologies of liver fibrosis given etiology, to create refined profiles of those patients likely to progress cirrhosis.
In conclusion, we have shown that remodeling of interstitial matrix is linked to clinical outcome (survival), whereas remodeling of basement membrane is rather associated with the rate of fibrosis progression. The major limitation of the study is the relatively low number of patients due to the rare event of patients that progressed to advanced fibrosis and cirrhosis within 1 year after liver transplantation. Thus, PRO-C4, C4M and PRO-C3 are proposed as clinically useful tools for prognosis, surveillance, and possibly therapy control and adjustment, in patients with progressive liver disease.
Patients and Methods
Patients. Caucasian patients conducted at the University of Mainz Medical Center between 1996 and 2010 were identified from a prospective transplant database.
Patients were selected based on rapidity of fibrosis progression and retrospectively divided into three groups. Those who developed histologically proven cirrhosis within 1 year (fast progressors) or within 3-5 years after LT (intermediate progressors) were compared with those who showed no or only mild fibrosis (F0/F1) in protocol biopsies taken at 5 years post-LT (non-progressors). A selection criterion was the availability of three follow up sera in the first year after LT. All patients showed no significant fibrosis of the donor organ before implantation (F0/F1). Per protocol biopsies were taken at 1-and 5-year post-LT. Hepatitis C infection (HCV) positive patients were from the era before the availability of highly effective antivirals. HCV re-infection was diagnosed by positive HCV-RNA post-LT and characteristic laboratory findings. Patients with ischemic type biliary lesions or ischemic damage of the biliary tract are summarized under "biliary" in Table 1 . For execution of this study, no biological material (serum, tissue) from prisoners was used. All biological material (serum, plasma) was obtained exclusively from patients being treated and followed at Mainz University Medical Center, samples were handled in an anonymized way, and ethical approval was obtained for diagnostic and exploratory serum/plasma sampling. The study followed the ethical guidelines of the Declaration of Helsinki with signed informed consent from all patients and was approved by the local Ethics Committee of the State of Rhineland-Palatinate [no. 837.533.11(8075)].
Biochemical analysis was performed using standard routine laboratory protocols for tests including assessment of bilirubin and alanine aminotransferase (ALT). In addition, enhanced liver fibrosis (ELF) test was assessed in year 1 samples.
Histological assessment. Liver specimens were evaluated by two experienced pathologists. The second was blinded to the results of the first pathologist. The degree of liver fibrosis was staged according to the scoring system of Desmet 31 using a scale of 0-4 (F0: Absent; F1: mild fibrosis with periportal fibrous expansion; F2: moderate fibrosis with portal-portal septa (≥1 septum); F3: severe fibrosis with porto-central septa (≥1 septum); F4: cirrhosis).
Immunosuppression.
Patients were prescribed different immunosuppressive regiments according to individual risk factors and co-morbidities. The standard immunosuppressive regimen was the combination of a calcineurin inhibitor, either tacrolimus or cyclosporine, with mycophenolate mofetil. For tacrolimus levels were 5-7 ng/ml during the first year and 3-5 ng/ml thereafter. For cyclosporine, target trough levels were 70-90 ng/ml the first year and 50-70 ng/ml thereafter. No patients received mTOR-inhibitors, known to have potential anti-fibrotic activity 5 . All patients received steroids (methylprednisolone) until 3 months post-LT. Methylprednisolone was reduced from 1.5 mg/kg on day 1 and 2 post-LT to 1.0 mg/kg on days 3 and 4, to 0.5 mg/ kg on days 5 to 14, and to 0.2 mg/kg on day 15 until 3 months post-LT. Acute rejection episodes were treated with methylprednisolone 500 mg/d i.v. for 3 days whenever a biopsy proven acute rejection occurred with a rejection activity index (RAI) ≥5.
Collagen biomarker assessment. In this study biomarkers of interstitial type III and V collagen formation (PRO-C3 32 and PRO-C5 16 ), basement membrane type IV collagen formation (PRO-C4 8 ) and MMP-2 and MMP-9 degradation (C4M 20 ) were assessed by ELISAs developed by Nordic Bioscience, Herlev, Denmark. Briefly, the assays were performed as follows: 96-well pre-coated streptavidin plates (Roche Diagnostics, Mannheim, Germany) were coated with the appropriate biotinylated synthetic peptides and incubated for 30 minutes at 20 °C. Twenty µL of standard peptide or pre-diluted serum sample were added to appropriate wells, followed by peroxidase-conjugated specific monoclonal antibodies and incubated for 1 hour or overnight at 20 °C or 4 °C. Finally, tetramethylbenzidine (TMB) (cat.438OH, Kem-En-Tec Diagnostics, Taastrup, Denmark) was added, and the plates were incubated for 15 minutes at 20 °C in darkness. All the above incubation steps included shaking at 300 rpm. After each incubation step, the plate was washed five times in washing buffer (20 mM Tris, 50 mM
